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Abstract

Boundary layer measurements in Nangatchori, Benin were performed over the period of one full year (2006)
using a novel ground-based microwave profiler and additional remote-sensing instruments. In this paper, the
diurnal cycle of the ITD (Inter-Tropical Discontinuity) in the transition period between dry and wet season
during the month of April is described in detail. Dry air masses from the north (Sahel) and moist air from the
south (tropical Atlantic Ocean) cause very sharp temperature and humidity gradients in the low troposphere
over West Africa. Continuous observations of these phenomena in terms of temperature and humidity pro-
files have been achieved for the first time with a high temporal resolution of less than 15 minutes. Espe-
cially the ability of the microwave radiometer to provide temperature profiles with high vertical resolution
through multi-angle measurements gives detailed boundary layer information in conjunction with meteoro-
logical tower observations. Together with additional lidar ceilometer observations of aerosol backscatter the
change of air masses can be seen very well. The high data availability of > 85 % allows a statistical analysis of
the full month of April in which Nangatchori comes increasingly under the influence of tropical air. Thus the
data set is well suited for an improved process understanding, model evaluation in a data sparse area, and pos-
sibly together with additional observations the development of improved boundary layer parameterizations
for atmospheric models.

Zusammenfassung

Messungen in der atmosphirischen Grenzschicht mit einem neuartigen Mikrowellenprofiler und zusatzlichen
Fernerkundungsinstrumenten wurden wihrend des gesamten Jahres 2006 in Nangatchori, Benin durchge-
fithrt. Dieser Artikel beschreibt im Detail den Tagesgang der ITD (Innertropischen Diskontinuitdt) in der
Ubergangsphase zwischen Trockenzeit und Regenzeit wihrend des Monats April. Luftmassenwechsel bei
Durchzug einer Front mit scharfen Temperatur- und Feuchtegradienten zwischen trockener Luft im Norden
(Sahel) und feuchter Luft im Stiden (tropischer Atlantik) konnten sehr gut erfasst werden. Erstmals gelang
es, kontinuierliche Beobachtungen von Temperatur- und Feuchteprofilen mit einer zeitlichen Auflgsung von
weniger als 15 Minuten durchzufiihren. Die Fihigkeit des Mikrowellenradiometers, Temperaturprofile in ho-
her vertikaler Auflosung zu liefern, erlaubt es, zusammen mit meteorologischen Messungen an einem Turm
und Ceilometer-Beobachtungen, genaue Informationen tiber die Grenzschicht zu bekommen. Die hohe Daten-
verfligbarkeit (> 85 %), erlaubt eine statistische Analyse des gesamten Monats April, in dem Nangatchori
fortschreitend immer mehr unter den Einfluss der tropischen Luftmassen gelangt. Weiters ist der Datensatz
sehr gut geeignet, das Prozessverstindnis zu verbessern, eine Evaluierung atmosphérischer Modelle in einer
datenarmen Region durchzufilthren und vielleicht in Verbindung mit zusitzlichen Beobachtungen verbesserte

Modellparametrisierungen der atmosphirischen Grenzschicht zu entwickeln.

1 Introduction

The mechanisms that influence the strength of the West
African Monsoon are still not well understood. The
African Monsoon Multidisciplinary Analysis (AMMA)
project has been launched to gain a deeper insight into
this question by combining a wide variety of ground-
based, maritime, airborne and satellite measurements.
(REDELSPERGER et al., 2006). Atmospheric humidity
plays a key role in those processes that determine the
strength of the monsoon. A very significant part of the
water - whether liquid or as water vapor — is located in
the atmospheric boundary layer. For this reason, the ob-
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servation of the lowest part of the atmosphere is essential
to get a comprehensive view of the monsoon.

The diurnal cycle of atmospheric processes is recog-
nized to be a key factor for the meridional transport of
humidity in West Africa. A detailed overview of previ-
ous research is given by PARKER et al. (2005) which
is briefly summarized in the following: During daytime
a heat low develops over the Sahara with a pressure
minimum in the afternoon. As the convective bound-
ary layer grows during the day, vertical mixing prevails
and the horizontal flow is rather weak. In the late after-
noon when sensible heating diminishes turbulence stops
rapidly, and the flow is able to respond to the heat-low
pressure gradient force. The low level southerly flow in-
tensifies over night and its edge moves northward. This
nocturnal meridional flow is responsible for the advec-
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tion of moist air in low levels further inland and forms
the main moisture source for summertime convection in
the Sahel. In higher regions around 700 hPa there is a
dry return flow. By day the low level humidity falls, as
dry air from above is mixed down in the developing con-
vective boundary layer. Numerical investigation of heat
lows over Northern Australia and the associated diurnal
cycle have been performed by RACZ and SMITH (1999).
They can show deep convective mixing during daytime,
the development of a night-time low-level jet and noctur-
nal frontogenesis in the transition zone of the different
air masses. Furthermore, they speculate that these fea-
tures are likely to occur elsewhere under similar climatic
conditions.

Observations are rather sparse in West Africa. The
radiosounding network has been extended as part of
AMMA, but even then, most of the stations performed
soundings only two to four times a day at the main syn-
optic hours. In the past some campaigns, e.g. HAPEX-
Sahel in 1992 (DOLMAN et al., 1997) and Jet 2000
(THORNCROFT et al., 2003) have provided more de-
tailed observations by aircraft, enhanced radiosound-
ings, pilot balloons as well as in situ surface stations. A
radiosonde campaign with twice daily ascents was per-
formed at Parakou, Benin from April to October. The
data have been used by SCHRAGE et al. (2006) to study
nocturnal stratiform cloudiness during monsoon time.
Since all these data are confined to limited time inter-
vals PARKER et al. (2005) note the complete lack of
measurements with high temporal resolution in that re-
gion. This deficit can also not be closed through satellite
observations as those measurements do not resolve the
atmospheric boundary layer adequately.

In order to fill the gap of detailed observations in
West Africa AMMA initiated the setup of the Nan-
gatchori site in Benin where a variety of remote sensing
and in-situ observations was installed. Continuous ther-
modynamic monitoring of the lower troposphere was
performed in 2006 by a novel ground-based microwave
radiometer, the Humidity And Temperature PROfiler
HATPRO (ROSE et al., 2005), with high temporal reso-
lution. Compared to other microwave radiometers HAT-
PRO is able to observe temperature profiles with high
vertical resolution in the atmospheric boundary layer
(CREWELL and LOHNERT, 2003) in addition to the
standard products IWV (integrated water vapor), LWP
(cloud liquid water path), and full troposphere temper-
ature and humidity profiles. To our knowledge, this has
been the first time that a microwave radiometer was used
in West Africa for monitoring of the lower troposphere.
Additional instruments at Nangatchori include a lidar
ceilometer, vertical pointing Doppler rain radar, mea-
surements of temperature, humidity and wind on a tower
in 5 levels up to 6 m, detailed in situ aerosol observa-
tions, wind profiler and ozone lidar.

B. Pospichall & S. Crewell: Boundary layer observations

Meteorol. Z., 16, 2007

15.0'N

Niamey

BURKINA

125N

10.0°N

75 N

otonou

ATLANTIC OCEAN

200 300 400 km

50 N

100

o

0.0° 25 E 50°E

Figure 1: Map of Benin.

This paper presents first results obtained from
the combination of ground-based instruments at Nan-
gatchori with a special focus on the novel microwave
radiometer (section 2). The observations are illustrated
by a case study of the diurnal cycle of the ITD in April
2006 (section 3). A first glimpse of the expected long-
term potential of the observations is given by a statistical
analysis for the full month of April where the transition
from dry to wet season occurred (section 4).

2 Observations

2.1 Measurement site

The site of Nangatchori (9.65° N, 1.73° E) is located
10 km south-east of Djougou at 415 m above mean sea
level (Fig. 1). Djougou is the capital city of a province
with the same name in central Benin about 300 km north
of the Atlantic Ocean coast (Gulf of Guinea). This area
lies in a tropical climate with a dry season between Oc-
tober and March and a wet season between April and
September (also known as Savanna climate or tropical
wet and dry climate). Temperatures rarely drop below
20°C,; the extreme temperature range is 15 to 45°C. The
measurement site is surrounded by manioc fields and
some shrubbery in the east of the small village of Nan-
gatchori. The site was established in early 2005 to serve
as an AMMA measurement site and for security reasons
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Figure 2: Setting of microwave radiometer HATPRO (right), lidar
ceilometer (centre) and flux station (left) at the Nangatchori site in
Benin.

the site is permanently guarded. The University of Bonn
installed one microwave profiler (HATPRO), one lidar
ceilometer and one Micro Rain Radar (Fig. 2) in Jan-
uary 2006. These three instruments operated in an au-
tonomous mode over a full year until January 2007.

For a complete characterization of the atmosphere
and the surface exchange processes many other instru-
ments were located at this site. Measurements of chem-
ical compounds of the atmosphere as well as aerosol
particle observations have been performed. Besides the
lidar ceilometer, two other instruments for optical re-
mote sensing, one aerosol and one ozone lidar, were
operating in Nangatchori. Wind profile information has
been gathered by Very High Frequency (VHF) and Ultra
High Frequency (UHF) radars since May 2006. Further-
more, a disdrometer and some pluviometers have been
installed for precipitation studies. A six meter tower for
eddy correlation measurements (water vapor and CO,
fluxes) has been constructed. It was equipped with tem-
perature and humidity sensors as well as anemometers
in different levels. The temperature sensors which are
used for the case study in section 3 are located 1.2 m,
2.5 m and 4 m above ground. Data is available with a 15
minute temporal resolution. Wind direction and speed
measurements were performed at four levels, later only
the wind at 6 m has been used. Wind data show large
data gaps during the study period. Therefore observa-
tions from a wind sensor (RM Young 5103) at an auto-
matic weather station in Djougou (10 km north-west of
the measurement site) with a temporal resolution of 15
min are used in addition. Wind speed is averaged over
the past 15 minutes.

Although the site is safe-guarded the infrastructure
to operate the various instruments without skilled opera-
tors is quite problematic due to the unreliable power sup-
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ply and missing phone and internet connection. There-
fore much effort had to be put into preparing the instru-
ments for the hot and partially humid climate as well as
into installing unbreakable power supplies together with
reliable procedures for automatic restarting in case the
power cuts exceeded 3 hours. However, for the whole
year of 2006 the data availability of the two main instru-
ments which are described in detail below has been quite
good (HATPRO 77 % and ceilometer 87 %).

2.2 Microwave radiometer HATPRO

The microwave radiometer HATPRO (ROSE et al,
2005) continuously measures thermal emission by at-
mospheric components (water vapor, oxygen, liquid wa-
ter) simultaneously in 14 channels distributed over two
frequency bands. Seven channels are located along the
high-frequency wing of the water vapor absorption line
at 22.235 GHz (22.24 -31.4 GHz), and another 7 chan-
nels are located along the low-frequency wing of the
60 GHz oxygen absorption complex (51.26-58 GHz).
HATPRO is operating in zenith pointing mode most of
the time (except when performing elevation scans, see
below) giving a set of 14 brightness temperatures every
2 seconds. Statistical algorithms are used in order to re-
trieve atmospheric parameters from brightness temper-
atures. These algorithms are developed on the basis of
synthetic observations generated from a representative
long-term data set (LOHNERT and CREWELL, 2003). At
Nangatchori, the zenith pointing mode was tilted by 20
degrees to the north to avoid direct sunlight. As a conse-
quence, the optical path through the atmosphere is in-
creased by 6.4 % which has been taken into account
within the retrieval algorithms.

Coarse profiles of water vapor and temperature can
be derived from the multi-spectral measurements when
viewing in zenith direction. While the IWV can be ob-
tained with a high accuracy of about 1 kg m~2 from the
strength of the water vapor line, information on the ver-
tical distribution is limited to about two independent lay-
ers with an RMS uncertainty of 1-2 gm~3 (LILJEGREN
et al., 2005). The vertical resolution of the retrieved tem-
perature profiles is slightly better with less than 2 km
in the lowest 4 km (LILJEGREN et al., 2005) result-
ing in an RMS accuracy of 0.6 K near the surface and
less than 1.6 K in the middle troposphere (GULDNER
and SPANKUCH, 2001). The vertical resolution is lim-
ited through the weighting functions of the different
frequency channels rather than through the radiometric
noise. By observing the atmosphere under different an-
gles additional information about the temperature of the
lowest kilometer can be gained (see below). The thermal
emission by clouds increases with frequency and there-
fore the liquid water path can be retrieved as well with an
accuracy of about 25 g m™2 (LOHNERT and CREWELL,
2003). It has to be noted that the retrieved parameters
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06 UTC, respectively. (b), (d), and (f) show wind vectors and relative humidity (in %) in 925 hPa for the same dates. These analyses are
based on operational ground-based and upper-air observations. The black diamonds in all sub-plots represent Djougou. Source: NOAA Air
Resources Laboratory, FNL-Archive.

3 Case study of diurnal cycle of the ITD  flow and the dry Harmattan winds from the north-east.
over Nangatchori The average position of the ITD in January and Febru-

ary is just north of the Guinean coast at about 7°N (Fig.

The ITD (Inter-Tropical discontinuity) marks the con- 1) although single precipitation events can occur in Cen-
fluence line between the moist southwesterly Monsoon  tral and Northern Benin even at that time. Around spring

Vo
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Figure 5: (a) Time series of air temperature at the Nangatchori site derived close to the ground from tower observations at three different
height levels (solid line 1.2, dashed line 2.5 and dash-dotted line 4 m agl) from 10 April 2006 12 UTC to 11 April 2006 12 UTC. (b) Time
series of wind direction for the same period. Crosses represent Nangatchori measurements in 4 m agl, circles mark Djougou measurements
in 2.4 m agl. (c) Time series of 15-min average wind speed (2.4 m agl) at Djougou.

equinox when the sun path crosses the equator, the ITD
already lies further north caused by increasing convec-
tion in the southern part and the higher solar radiation
over the Sahel area. As a consequence of the larger solar
input in the Sahel region, the afternoon heat low over
the Sahel area strengthens and the temperature gradi-
ent between the hot and dry air and the humid and rel-
atively cool air masses over the ocean becomes sharper.
Along the West African coast between Nigeria and Ivory
Coast the thunderstorm activity increases significantly,
whereas in the Sahel zone the highest temperatures of
the year can be observed. However, the ITD does not
proceed continuously to the north; it is rather associated
with abrupt shifts of the convergence zone and shows
also strong diurnal variability. SULTAN and JANICOT
(2003) describe the mechanisms of that northward move
in detail.

A pronounced diurnal cycle of the ITD position with
low-level moisture transport is known to play an impor-
tant role for the monsoon circulation (PARKER et al.,
2005). STENSRUD (1996) gives an overview over ear-
lier works on low-level jets and their importance to re-
gional climate. WHITEMAN et al. (1997) performed a
study in the US (Southern Great Plains) where they state
the importance of low-level jet moisture transport from
the Gulf of Mexico to the north. Likewise, this seems
to be true for the West African region. This cycle of the

ITD is influenced by a large diurnal temperature range
in the dry air to the north of the ITD and the nearly
constant temperature at the ocean shore. As an exam-
ple, analyses of mean sea-level pressure for 10/11 April
(Fig. 4) show that the meridional position of the pres-
sure minimum varies significantly over the day. It is at
its southernmost point at 18 UTC and moves north dur-
ing night-time. This northward retreat of the heat low is
associated with an abrupt change in temperature and hu-
midity at a given site which will be illustrated with the
help of Nangatchori observations.

In the year of 2006 the northward propagation of
the ITD was delayed by several weeks. Between 0
and 5°E the mean position of the ITD during the first
(10.25°N) and second (11.60°N) ten-day-period of April
2006 showed an anomaly of 1.65° and 1.3° to the south
(180 and 140 km), respectively' . Associated with this
feature, the region experienced unseasonably dry condi-
tions. Towards the end of April the ITD moved north of
this area and dry air masses did not extend any longer as
far south as Nangatchori.

As one example we describe in this section the 24-
hour period from 10 April 2006 12 UTC to 11 April
2006 12 UTC. Sunset and sunrise time for the night
10/11 April are 1803 UTC and 0545 UTC, respectively.

Vhttp://www.cpc.ncep.noaa.gov/products/fews/ITCZ/itcz.shtml







